During the past decades, children migrating for international adoption have increased in number, creating an original condition of dramatic environmental change during development. In several countries, cohorts of these subjects have been shown to experience a global advancement in age at the onset of puberty, and sexual precocity is seen more frequently than in other conditions. Such early or precocious development has been assessed in relatively small cohorts or individual patients using welldefined physical indicators in comparison with updated references in the foster country. Family and adolescent evaluation of pubertal timing could allow for the study of large series of internationally adopted subjects. Also, this type of assessment integrates the physical changes of puberty with the adolescent changes in psychological and social functioning. The pathophysiological mechanisms leading to advancement of puberty in migrating children are still unclear and possibly involve several factors. In the present paper, we hypothesize that the sexual precocity in children migrating for international adoption could represent a developmentally programmed disorder resulting from cumulative anomalies in early remodeling of the central nervous system by communicational, social, nutritional, and hormonal inputs. There is some evidence that the deviations in those inputs can result in altered brain structure, particularly in the limbic system. We discuss the possible association with further disorders of developmental functions, such as cognitive, psychosocial, and sexual maturation. Along this hypothesis, some forms of idiopathic sexual precocity could result from dysfunction of one or several of the environmental programming factors, while other forms may involve predominantly genetic or familial factors.
Introduction
Evidence is accumulating that early life environment is, pre-, peri-and postnatally, a determinant of later physiological and pathological events (1) . Among those life events, the timing of puberty has a unique place since it is directly linked with reproductive capacity, a crucial process for species survival that environmental conditions may affect. The secular changes in timing of puberty have been thought to result from postnatal environmental influences, especially nutrition (2) . In this particular case (Fig. 1) , the timing of maturation is related to nutritional cues, early maturation resulting from a positive balance and late maturation resulting from a negative balance. The excess positive balance and resulting hyperinsulinism and obesity in USA have been proposed to account for the advance in timing of puberty in this country (3) . Pre-and perinatal nutrition could also play an important role that can be opposed to postnatal effects, since intrauterine growth retardation (IUGR) is associated with a trend towards early maturation (1, (4) (5) (6) . Small size at birth and elevated body mass index (BMI) SDS at 8 years are predictive of early menarche in girls (7) .
A recent observation questioning about environmental factors is the elevated incidence of sexual precocity in internationally adopted children for which several pathophysiological mechanisms have been proposed (2) . Gluckman and Hanson have suggested that both the secular trend and the trend towards early puberty in children who migrate for international adoption reflect adaptation mechanisms in an evolutionary perspective with two components: interaction of prenatal effects to advance puberty under poor conditions and childhood effects to advance puberty under enriched conditions (8) . Such a concept is consistent with the two effects illustrated in Figure 1 . Also, those authors emphasize that the evolutionary changes currently lead to a mismatch between relatively early physical maturation and late psychosocial maturation (8, 9) . In the global context of adolescence, it is indeed important to consider the assessment of pubertal maturation through the integration of the physical changes together with the psychological and social correlates (10) . The involvement of physical and psychosocial changes as a whole is also relevant to the self-assessment or family evaluation of variations in pubertal timing that could sometimes lead to a conclusion different from physician assessment. In this review, we will discuss the physical and global assessment of pubertal timing in internationally adopted children in Belgium as compared with pubertal timing in Belgian natives. Then, the mechanism of variations in pubertal timing in internationally adopted children will be examined in a developmental perspective and a pathophysiological hypothesis of disordered programming will be proposed.
Assessment of variations in pubertal timing

Assessment of physical development
When the clinical issue is the diagnosis of abnormal timing of the onset of puberty, the focus is on the most initial signs of pubertal development. In boys, the first sign of puberty is an increase in testicular volume above 3 ml, consistent with Tanner G2 stage (11, 12) . However, this change can be observed by thorough evaluation during physical examination only (11, 13) and cannot be perceived by the subject himself. When taking history, there is no single reliable event that can be recalled to time male puberty. Voice deepening has been considered though it is a relatively variable and progressive change. In girls, the earliest manifestation of puberty is acceleration in height velocity. However, this is rarely ascertained clinically because several accurate height measurements are required each year (14) . Also, the subjects and families do not become aware of the subtle initial growth acceleration as opposed to the peak height velocity that they usually notice. Tall stature could bias growth perception though this is not a matter of concern in migrating adoptees, who are usually below average height. The commonly used marker of the onset of female puberty is thelarche i.e. the first appearance of breast development defined as Tanner B2 stage (11) . During inspection, this marker is easily biased by fat tissue, which is a concern in some children who develop overweight after migration (2) . The appearance of pubic hair or pubarche from which puberty is etymologically derived can be a misleading sign to evidence pituitarygonadal maturation, particularly in girls. Pubarche is dependent initially on adrenal and testicular androgens in boys and adrenal androgens in girls. This developmental increase in adrenal androgen secretion is referred to as adrenarche and occurs independent of the pituitary-gonadal maturation or gonadarche (15) (16) (17) .
Menarche, the occurrence of first menstruation is a unique but late marker of female puberty (12) . The variations in menarcheal age in a given population can be assessed directly and preferably through the status quo method by asking girls in different age groups whether they had first menses or not. Retrospective assessment through the recall method leads to comparable data in some conditions (18) . However, a longer recall period (19) and socio-economic or cultural biases (20) can result in a loss of accuracy. In the individual subject or patient, only a recall assessment is possible, with the same biases as of a population study. The menarcheal age is highly significantly correlated with age at the appearance of breast buds (12) and is therefore considered to be an indicator of the timing of onset of puberty. However, others have reported that the ages at the onset of breast development and menarche are not strictly correlated (21) due to possible confounding factors. Among these factors, a decrease in duration of puberty or time period between B2 stage and menarche has been observed in subjects with late onset of puberty when compared with early onset (21-23). Menarche could provide information different from breast budding, since the former is the endpoint of a complex sequence of maturational events, whereas the latter results more simply from onset of estrogenic action. Also, any factor such as environmental estrogens could stimulate breast development independent of hypothalamic-pituitaryovarian maturation and thus account for dissociation between the ages at breast budding and menarche.
Assessment of global development
In some conditions (large number of distant subjects, refusal of genital exam etc.), pubertal development is not easily assessed by a professional, and self-evaluation by the subject or the parents must be considered. Moreover, self-perception and family perception of pubertal changes is important because it can influence the behavioral outcomes during adolescence. This is the bio-psychosocial perspective (10, 24). Self-assessment or family evaluation of development occurs as a global appraisal where various physical, psychological, and social changes are integrated (25). When single physical indicators such as pictures of the semiquantitative Tanner stages are used by adolescents to score pubertal development, self-assessment provides less reliable information than assessment by professionals (26-30). Several biasing factors have been shown to limit the validity of self-assessment of such pubertal characteristics: adiposity, ethnicity, and early or late timing (26-34). To overcome those limitations, integrative scoring systems have been proposed such as the Pubertal Developmental Scale (PDS) involving five items rated on a 4-point scale (25, 27). Another integrative approach has been to ask adolescents to rate the timing of puberty globally instead of rating individual pubertal signs (35) . Both the PDS and the answer of adolescents to a global question on development versus peers have been shown to be valid approaches, fairly well correlated with physician assessment (35, 36) . Discrepancies between assessment of pubertal timing by health-care professionals, children, and parents can arise from differences in concern about outcomes of pubertal development (37) . When development is evaluated through questionnaires, the bias of parents and child concerns about sexual development and their reluctance to provide information on this matter (37) may influence the response rate. Accordingly, particular subgroups such as early maturers can be over-or under-represented among the responding families. When the above issues are considered in the context of international adoption, the biasing factors reach maximal levels: diversity of ethnicity, self-image after migration, school delay, exacerbated parental concerns, etc.
The paradigm of internationally adopted children
During the last decades, a new form of sexual precocity has been described in foreign children adopted from developing countries to Western Europe (review in (2)). The occurrence of early or precocious sexual maturation in such a unique situation of changing environment has been originally described in Indian girls adopted in Sweden (38) . Subsequently, similar observations have been made in several European countries and children from various countries are involved (39) (40) (41) (42) (43) (44) (45) . So far, there is only one similar report from the USA published in abstract form (46) . In cohorts of foreign-adopted patients, the mean menarcheal age, which has been evaluated through questionnaires, is advanced to 10.5-12.0 years and the frequency of sexual precocity is increased by between 13 and 30% (38, 40, 43, and 46) . Thus, advanced puberty is a general feature of the whole cohort resulting in more frequent abnormal precocity as well (Fig. 2C) . Additional evidence of early timing of puberty after foreign adoption comes from the observation of sexual precocity in such individual patients (41, 43) , who are overrepresented (16-26%) among the whole group of patients treated for central precocious puberty (44, 45) . However, more cautious medical attention paid to the foreign-adopted children could contribute to overestimation of sexual precocity in comparison with children native to the foster country (47) .
The children and adolescents native to Belgium provide the natural comparison basis for internationally adopted children fostered in this country. In Belgium, the average menarcheal age has remained remarkably stable around the age of 13 for the past 40 years (48, 49) . This could mean that secular changes have come to an end in this country. However, a detailed evaluation (inspection and palpation) of the early physical markers of pubertal development indicates subtle skewing (Fig. 2B ) of the age distribution of starting breast development towards early timing (49) . A similar observation is made regarding the onset of testicular volume increase in boys (49) . Thus, it appears that the dynamics of pubertal development are evolving in both internationally adopted children and Belgian natives.
In a bio-psychosocial perspective, the early maturers represent a subgroup of subjects feeling globally ahead of their peers. This subgroup is particularly large among the internationally adopted children (Fig. 2C) and larger than the group of patients diagnosed with sexual precocity (Fig. 2B ) based on classical pediatric endocrine criteria. The issue is whether immediate and long-term psychosocial correlates of advanced puberty are a concern in the precocious subgroup mainly, or should be considered in the early subgroup as well. Large surveys on adolescent exploratory behaviors have shown that the early maturers are more frequently involved (25, 50, 51) . Longitudinal studies in adulthood confirm such findings (52) . Moreover, the migrants have been found at higher risk than the native adolescents in Sweden (53) 
Pubertal timing in a developmental mechanistic perspective
In this section, the evidence discussed is that some factors account for early reshaping of some central nervous system (CNS) regions and programming of physiological events later in life. Then, the possible role of anomalies in those factors in the pathogenesis of sexual precocity, together with other disorders in internationally adopted children, is discussed.
Physiological programming
The maturational processes of cognitive, psychosocial, and biological functions are controlled by genetic determinants. The timing of puberty is not an exception since 70-80% of its variance is explained by genetic factors (review in (2)). The genetically determined characteristics are reshaped by some body and environmental clues (Fig. 3) that can modify the programming of maturational processes during critical prenatal and early postnatal periods of rodent or primate life (1). The timing of puberty is one among several life events, potentially influenced by such a program during early life (8, 9) . This remodeling can involve changes in structural and functional organization of the CNS. Some of those changes are listed below, particularly those occurring in the limbic system, which appears to be affected by different factors (Fig. 3) . In this overview, it will not be possible to discuss separately and in detail the available data obtained in animal and human models. The purpose is to integrate some of the effects of different factors into a common developmental pathophysiological mechanism.
There is evidence that early social experiences of attachment and emotional communication can dramatically affect the development of the right brain hemisphere, especially the limbic system (54, 55) . This system contributes to the control of variations in autonomic responses to stress situations that are known to influence hypothalamic function (56, 57 Figure 3 During the critical prenatal and early postnatal periods of life when the central nervous system (CNS) shows important development and adaptation capacities, several body and environmental factors can physiologically reshape the CNS, particularly the limbic system, with resulting consequences on the maturational processes that depend on the CNS, including the hypothalamic control of energy balance and sexual maturation. ARC, arcuate; M, male; F, female.
Nutrition involves numerous factors that can influence brain reshaping and life events either directly or through modulation of nutrition-dependent hormones such as insulin, insulin-like growth factor-I, and leptin (review in (2)). There could be a critical postnatal period for nutritional priming of maturation, as suggested by observations in healthy boys and girls (5, 58) . Developmentally, leptin could be a key factor linking nutrition and the brain. This peptide can influence the development of the neuronal circuitry projecting from the arcuate nucleus in the hypothalamus to other brain structures, including the amygdala in the limbic system (59, 60) . Sex steroids are also an important component of brain remodeling. Magnetic resonance imaging of the adolescent brain shows that frontal gray matter volume shows a reduction starting at about 11 years in girls and 12 years in boys (61) . More specifically, in the limbic system, boys show an increased development of the left amygdala, whereas girls show increased development of the right hippocampus (62) . The hypothalamic control of ovulation is a precise maturational mechanism that is also affected by sex steroids during a critical perinatal programming period in different mammal species (63) . Finally, thyroid hormones play a critical role during early brain development (64, 65) . Again, the limbic system is involved, since neuronal migration in the cortex as well as the hippocampus is affected by thyroid hormones. Dendritic arborization and synaptogenesis in the cerebellum are other important aspects.
Disordered programming and sexual precocity
As shown in Figure 4 , there are several possible early developmental disturbances that can occur during early life, particularly in internationally adopted children, that could account for several disorders later in life, including sexual precocity. A critical age window for this programming effect is consistent with the observation that precocious menarche (!10 years) is more common in Indian girls who arrived Sweden between 3 and 6 years than in those who migrated before the age of 2 (38) . Proos has reported that in foreign adopted children, earlier menarche is correlated with later age during immigration and faster catch-up in height and weight after immigration (66) . However, in a multiple linear regression analysis, he finds that menarcheal age is associated with height at immigration, but not with age.
Chronic early abuse or neglect and impaired attachment have been shown to result in structural CNS anomalies including atrophy of the amygdala (54, 55) and reduced size of the corpus callosum (67) . Those stressful conditions are unfortunately very common before international adoption (68, 69) and probably involve different stress components. In a study of 65 Romanian adoptees in USA, Johnson et al. find that only 15% of them were mentally and physically healthy at arrival (70) . These authors have observed that growth failure is directly correlated with the duration of institutionalization. Every 3 months of life in an orphanage results in a loss of 1 month in height age. Pregnancy and earlypost-natal life in adverse conditions before international adoption Figure 4 Alterations in different programming factors (communication, nutrition, sex steroids, and thyroid hormones) during prenatal or early postnatal life, when the brain still shows important development and plasticity could result in common impairment of cognitive, reproductive, and psychosocial functions later in life. Consistent with such a pathophysiological hypothesis, structural central nervous system anomalies such as those described in the limbic system could be shared by different disorders. IUGR, intrauterine growth retardation.
They also reported that weight is usually less compromised than height, suggesting that nutritional deprivation might play a less prominent role than other factors such as, genetics, prematurity, IUGR, medical illnesses, and stress. A catch-up growth is also noticed after adoption with a greater extent of recovery in children adopted before 18 months than those adopted at later ages (70) . The heterogeneity of the neuroendocrine response to various acute stressors indicates that the stress components are signaling through specific pathways (71) . Among the neuronal circuits involved, signaling through corticotropin-releasing factor and interleukin-1 may be particularly important (72) . It could be that, in foreign migrating children, withdrawal from a stressful environment contributes to potentiation of maturation though some stress may result from the adoption and migration processes as well. The latter hypothesis is consistent with the observation that pubertal development is early in conditions of stressful rearing and insecure attachment to parents (73, 74) . The above considerations on the role of psychosocial conditions fit with the mechanistic concept proposed by Schulz and Sisk (75) , though they report that psychosocial remodeling still occurs during adolescence in the Syrian hamster. The role of psychosocial factors can be crucial as compared with nutritional factors. Recently, it has been reported that growth retardation in developing countries before 5 years is associated with cognitive and educational deficits in late adolescence, which are reduced by psychosocial stimulation, but not nutritional supplementation at young ages (76) .
In adopted children migrating to Western Europe or USA, the likelihood of increased incidence of IUGR is suggested by the Swedish cohort study where 80% of 37 children with known birth weight were below 2.5 kg (77) . Unfortunately, information on birth weight and maternal risk factors for IUGR is lacking in the other studies. As reviewed recently by Ibanez and de Zegher (78) , there is evidence that IUGR can be linked with early puberty and disordered ovulation. Studies in the guinea pig show that IUGR causes selective reduction in neuron number and alteration in dendrite morphology in the hippocampus (79, 80) . Human magnetic resonance imaging studies show reduction in cortical gray matter in infants with IUGR (81) . Postnatal nutrition and catch-up recovery from wasting has been thought to possibly contribute to early maturation in internationally adopted children (2, 39, 47, 66, 68) . Quite interestingly, such a natural history of postnatal growth creates conditions that possibly worsen the effects of disordered prenatal programming. Such a conclusion is drawn by Barker, who reports that impaired growth in infancy and rapid childhood weight gain exacerbate the metabolic effects of impaired prenatal growth (6) . In order to mimic catch-up growth after immigration in formerly deprived foreign children, early underfeeding and re-feeding has been used in the rat and the effects have been studied on hypothalamic glutamate neurotransmission, which is a major trigger of pulsatile gonadotropin-releasing hormone (GnRH) secretion (2, 39) . An acceleration of maturation of the glutamate receptor-dependent secretion of GnRH occurs after re-feeding and is maximal at a particular age period postnatally (39) . These data suggest the involvement of hypothalamic glutamate receptors in the pathophysiology of that form of sexual precocity. While the impact of nutritional deprivation and restoration after migration may be crucial in some foreign children who develop sexual precocity, others have normal weight and height at arrival (2) , suggesting the role of other factors. Interestingly, therapy with the insulin sensitizer metformin prevents the advancement in menarcheal age in low birth weight girls or in girls with premature pubarche (82, 83) . Neonatal leptin treatment is capable of reversing the long-term detrimental metabolic consequences of fetal undernutrition (84) .
Besides the physiological early role of sex steroids in the CNS, including sexual maturation and reproduction (85, 86) , the involvement of endocrine-disrupting chemicals (EDCs) has raised interest (2, 63) after we reported that internationally adopted children with sexual precocity have detectable serum levels of a long-lasting residue of the insecticide DDT (44) . The mechanism can involve potentiation of maturation of pulsatile secretion of hypothalamic GnRH (44, 63) . Several studies indicate that EDCs including xenoestrogens and phytoestrogens may interact with brain development, directly or through alterations of thyroid hormone status (65, (87) (88) (89) . It is tempting to link the programming effect of sex steroids with sexual dimorphism in sexual precocity, since, in the foreign-adopted children precocious puberty was seen much more frequently in girls than in boys (38-41, 43, 44, 46) . Such a sexual dimorphism might reflect the general and unexplained female preponderance of idiopathic central precocious puberty (2) . However, a precise cause influencing specifically the female endocrine system cannot yet be excluded. The observation of a sexually dimorphic early reshaping of some CNS structures such as the limbic system (61, 62) is consistent with a possible early CNS programming of the female predisposition to develop earlier puberty than males. However, it is still unclear whether that structural sexual dimorphism in the human limbic system depends directly on genetic factors and sex chromosomes or on hormonal factors such as sex steroids (90) . The latter mechanism is supported by estrogen organizational effects on the limbic parvocellular system during embryonic life in the quail (91, 92) . A female predisposition to early onset of puberty is found to be associated with IUGR (93) . Non-reproductive behaviors are also sexually dimorphic and provide a basis for endocrine disruption of other functions such as cognitive and psychosocial behaviors (94) .
When taking place in prenatal and early postnatal life, thyroid disorders have detrimental consequences on cognitive function (64, 65, 85) . Precocious puberty is a rare intriguing complication of primary hypothyroidism that has been attributed to interaction of the markedly elevated thyroid stimulating hormone (TSH) with the follicle stimulating hormone receptor (95) . However, sexual precocity has been reported to occur as well in the absence of elevated TSH, raising the issue of a neural mechanism (96) . Damaged reproduction has appeared to be one of the most important long-term consequences of thyroid hormone insufficiency due to iodine deficiency (97) . Though this type of deficiency has not been documented so far in children migrating for international adoption, many among them come from countries where iodine deficiency is endemic.
Conclusion
Puberty is a developmental biological process that is integrated with the complex psychosocial maturation of adolescence. Previous studies have highlighted the facilitatory effects of pre-and perinatal nutritional deficit and postnatal nutritional excess in early puberty, two factors, which can be combined in children migrating from developing countries. Here, a pathophysiological hypothesis is proposed that involve disorders of early programming effects and CNS reshaping by emotional conditions/attachment, nutrition and related hormones, sex steroids, and thyroid hormones to account for sexual precocity, possibly associated with other disorders, in internationally adopted children. Along this concept, such disorders would be more common after late migration, due to prolonged exposure to the detrimental conditions. It is possible that some forms of idiopathic sexual precocity in non-migrating children involve similar disorders of programming processes to some extent. A common early pathophysiological insult could also play some role in the long-term psychosocial dysfunction that would then be associated with sexual precocity, but not necessarily result from this early maturational process. 
